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INDUCED FRACTURES--WELL STIMULATION THROUGH FRACTURING 
R. J. Hanold and C. W. Morr is  
Los Alamos National Laboratory 
Los Alamos, NM 87545 
ABSTRACT 
Republic Geothermal, Inc., and i t s  subcon- 
t r a c t o r s  have planned and executed seven f r a c t u r e  
s t imu la t ion  treatments under the Oepartment o f  
Energy-funded Geothermal We1 1 St imulat ion Program. 
The ob jec t ive  o f  t h i s  program i s  t o  demonstrate 
t h a t  geothermal w e l l  s t imu la t ion  o f f e r s  a tech- 
n i c a l  a l t e r n a t i v e  t o  add i t iona l  we l l  d r i l l i n g  and 
r e d r i l l i n g  f o r  p r o d u c t i v i t y  enhancement which can 
subs tan t ia l l y  reduce development costs. Well 
s t imulat ion treatments have been performed a t  
Raf t  River, Idaho; East Mesa, Cal i forn ia ;  The 
Geysers, Cal i forn ia ;  and the Baca Pro ject  Area i n  
New Mexico. S lx  o f  the  seven s t imu la t ion  experi- 
ments were t e c h n i c a l l y  successful i n  s t imu la t ing  
the wells. The two f r a c t u r e  treatments i n  East 
Mesa more than doubled the production r a t e  o f  the 
prev ious ly  marginal producer. The two f r a c t u r e  
treatments a t  Raf t  River  and the two a t  Baca were 
a l l  successful i n  obta in ing s i g n i f i c a n t  produc- 
t i o n  from prev ious ly  nonproductive in terva ls .  
The ac id etching treatment i n  the we l l  a t  the  
Geysers d i d  n o t  have any mater ia l  e f f e c t  on 
production rate. 
I NTROOUCTION 
The s t imu la t ion  o f  geothermal production 
we l ls  presents some new and chal lenging problems. 
Formation temperatures i n  the  275-550OF range can 
be expected and the  behavior o f  f r a c t u r i n g  f l u i d s  
and f r a c t u r e  proppants a t  these temperatures i n  a 
h o s t i l e  b r ine  environment must be c a r e f u l l y  eval- 
uated i n  laboratory  tests .  To avoid poss ib le  
damage t o  the producing hor izon o f  the  formation, 
the  high-temperature chemical c o m p a t i b i l i t y  
between the  i n  s i t u  mater ia ls  and the  f r a c t u r i n g  
f lu ids ,  f l u i b l o r s a d d i t i v e s ,  and proppants must 
be ver i f ied .  I n  geothermal wells, t h e  necessary 
s t imu la t ion  techniques are  requi red t o  be capable 
o f  i n i t i a t i n g  and mainta in ing the f l o w  o f  very 
la rge  amounts o f  f l u i d .  Th is  necessity f o r  h igh 
flow r a t e s  represents a s i g n i f i c a n t  departure 
from conventional o i l  f i e l d  s t imu la t ion  and re -  
qu i res the c rea t ion  o f  propped f rac tu res  w f t h  
h igh  f low Conduct iv i ty  ( f o r  f l u i d  t ranspor t  t o  
the wellbore) and la rge  f r a c t u r e  surface areas 
(for f l u i d  drainage i n  the case o f  mat r ix  perme- 
a b i l i t y  dominated formatlons). 
Republic Geothermal , Inc. 
Santa Fe Springs, CA 90670 
The ob jec t ive  o f  we l l  s t imu la t ion  i s  t o  
i n i t i a t e  and maintain add i t iona l  f l u i d  production 
from e x i s t i n g  we l ls  a t  a lower cost  than e i t h e r  
d r i l l i n g  new replacement we l ls  o r  m u l t i p l y  r e -  
d r i l l i n g  e x i s t i n g  wells. The economics o f  we l l  
s t imu la t ion  w i l l  be v a s t l y  enhanced when proven 
s t imu la t ion  techniques can be implemented as p a r t  
o f  the we l l  completion (whi le  the d r i l l i n g  r i g  i s  
s t i l l  over the hole)  on a l l  new we l ls  e x h i b i t i n g  
some form o f  f low impairment. Technica l ly  suc- 
cessfu l  induced f ractures have been created i n  
formations t h a t  produce h o t  water as a r e s u l t  o f  
mat r i x  permeabi l i ty  and i n  formations t h a t  pro- 
duce ho t  water from n a t u r a l l y  e x i s t i n g  f r a c t u r e  
systems. 
PROPPANTS 
Proppants are an important aspect o f  hy- 
d r a u l i c  f r a c t u r i n g  because they help r e t a i n  the 
f r a c t u r e  conduct iv i t y  created by the in jec ted  
high-pressure f r a c t u r i n g  f l u i d s .  I n  order t o  
achieve e f f e c t i v e  st imulat ion, the f r a c t u r e  
conduct iv i t y  (permeabi l i ty  t imes f r a c t u r e  width) 
a f t e r  the we l l  i s  returned t o  production must be 
la rger  than the  reservo i r  permeabil i ty. To 
obta in  t h i s  h igh conduct iv i ty ,  a large granular 
proppant i s  in jec ted  along with the f r a c t u r i n g  
f l u i d  and deposited i n  the f racture.  This mater- 
i a l  must be s t rong enough t o  maintain a h igh  
permeabi l i ty  when subjected t o  the formation 
c losure stresses. For geothermal wells, the 
proppant must a lso be i n e r t  t o  minimize degrada- 
t i o n  i n  the  presence o f  high-temperature brines. 
Although sand i s  genera l ly  used hs a prop- 
pant, it i s  n o t  strong enough t o  withstand the 
condi t ions i n  geothermal w e l l s  a t  glevated 
temperatures. Sand i s  d e f i n i t e l y  a f fec ted  by 
temperature, p a r t i c u l a r l y  when tested i n  h o t  
water o r  b r i n e  a t  various c losure stresses. 
F igure 1 shows the e f f e c t  o f  temperature and 
c losure s t ress on comnon Brady f r a c  sand (20/40 
mesh). Crushing s t a r t s  below 4,000 p s i  a t  room 
temperature and begins between 2,000 and 3,000 
p s i  a t  elevated temperatures. A t  10,000 p s i  
c losure stress, o n l y  a f i n e  powder i s  l e f t  and 
t h i s  can damage a h igh c losure s t ress we l l  ra ther  
than s t imulate it. Although the proper t ies of 
Ottawa f r a c  sand are superior t o  those o f  Brady 
f r a c  sand, elevated temperature tes ts  a t  35OOF 
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Figure 1. Temperature and closure stress effects 
show crushing starting below 4,500 psi and below 
3,000 psi at 5OOOF. These are short term results 
and only suggest the severity of long term field 
results. 
There are several mechanisms that can 
destroy sand grains in the fracture. First, the 
sand is brittle and point-to-point loading can 
cause brittle failure. Second, sand is full of 
microfractures and faults which weaken the sand. 
Finally, when sand is stressed in a corrosive 
medium 1 ike hot water, stress corrosion cracking 
appears to destroy the sand at low closure 
stresses. High temperatures and hi h stresses 
combine to bring out the worst propert?es of sand, 
To more fully explore the high-temperature 
effects on proppants, Maurer Engineering set up 
a modified linear flow cell able to withstand 
internal pressures up to 1,000 psi at 500OF. By 
using water preheating and a heated Dake Hydrau- 
lic Press to impose the closure stress, actual 
geothermal reservolr conditions can be simulated. 
A brief summary of signlficant proppant properties 
based on both previous1 published and new Maurer 
Engineering data [1,2,3f is presented in Table 1. 
The strongest and highest permeability prop- 
pant tested to date is Resin Coated Bauxite. The 
core of this proppant is composed o f  many small 
particles of bauxite sintered together at high 
temperature to allow some deformation before 
crushing. The core is covered with an uncured 
resin that polymerizes at elevated temperatures 
to form a cohesive high strength outer layer, 
This cohesive layer bonds the proppant pack 
together and minimizes sand and proppant f lowback 
durin subsequent well production. This proppant 
exhibqts almost no temperature sensitivity or 
permeabil lty decrease under load. Sintered 
Bauxite proppant, supplied by the Carborundum 
on 20/40-mesh Brady frac sand. 
PERMEABILITY SOLUBILITY 
RETENTION IN HIGH 
UNDER TEMPERATURE 
PROPPANT 5,000 psi GEOTHERMAL SPECIFIC 
TYPE LOAD (%) WATER GRAVITY 
BAUXITE above 5OO0F, insol- 
RESIN COATED 100% Slightly soluble 3.37 
uble below 50OOF 
RESIN COATED 100% Slightly soluble 2.53 
SAND above 500°F, insol- 
uble below 500°F 
SINTERED 90% Insoluble 3.60 
OTTAWA SAND 68% Slightly soluble, 2.65 
BAUXITE 
temperature + pH 
sensitive 
temperature + pH 
sensitive 
temperature t pH 
sensitive 
temperature + pH 
sensitive 
BRADY SAND 34% Slightly soluble, 2.65 
GLASS BEADS 23% Slightly soluble, 2.41 
COLORADO SAND 15% Slightly soluble, 2.65 
Table 1. Proppant properties (data based on 
short-term 35OOF tests with 20f40-mesh 
materials). 
Company, yielded a permeability only slightly 
lower than that of the Resin Coated Bauxite. 
Temperature sensitivity was also very low and 
only a slight decrease in permeability is noted 
at the highest closure stresses resulting from 
particle repacking and slight crushing. These 
experimental results are presented in Figure 2 as 
a function of closure stress at 35OOF along with 
the data for Resin Coated Sand proppants. Resin 
Coated Sand uses a conventional frac sand core 
covered with an uncured resin analagous to the 
Resin Coated Bauxite. The Resin Coated Sand has 
low temperature sensitivity, a permeability 
approximately 40% lower than that of the 
Carborundum Company-suppl fed Sintered Bauxite, 
and relatively little permeability change over 
the range of closure stresses. Resin Coated Sand 
has the advantage of a much lower cost per pound 
compared with the bauxite proppants, and its lower 
density can lead to better proppant placement in 
large high-temperature fractures. The superior 
permeabi 1 i ty of a1 1 these man-made proppants at 
high temperatures and high closure stresses makes 
them the logical choice over conventional frac 
sands for geothermal well service. 
The preceding paragraphs have addressed 
proppant performance as a function of temperature 
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Figure 2. Permeabi l i ty  vs. closure stress f o r  
and closure s t ress  based on short-term ( less  than 
4 h r )  laboratory tests. Permeabi l i ty  re ten t i on  
as a func t ion  o f  t ime must a lso  be considered i n  
evaluat ing a proppant's u l t imate  downhole per- 
formance. Using the Maurer Engineering modif ied 
l i n e a r  f low c e l l ,  50-hr t es ts  were performed a t  a 
temperature o f  350°F w i t h  a constant closure 
s t ress  o f  5,000 psi .  Sintered Bauxite, Resin 
Coated Sand, Ottawa f r a c  sand, and Brady f r a c  
sand o f  20/40 mesh were tested under these 
condit ions. Upon completion o f  the 50-hr tests,  
an examination o f  the  proppants showed no change 
i n  the Sintered Bauxite o r  Resin Coated Sand, but 
both f r a c  sands contained over 30% f i nes  and were 
obviously no t  su i tab le  as proppants under these 
condit ions. These resu l t s  are summarized in  
Figure 3 where dynamic permeabi l i ty  loss w i t h  
t ime indicates crushing, chemical degradation, o r  
movement o f  f i nes  w i t h i n  the proppant pack. 
temperature-insensit ive proppants. 
FRACTURING FLUIDS 
O f  prime importance i n  the success o f  a 
hydrau l i c  f rac tu r i ng  operat ion i s  the a b i l i t y  o f  
the f r a c t u r i n g  f l u i d  t o  perform i t s  designed 
func t ion  under actual  rese rvo i r  condit ions. Long 
chain, water soluble polymers have been used f o r  
many years i n  the hydrau l i c  f rac tu r i ng  o f  o i l  
we l l s  and recen t l y  t h e i r  use has been extended t o  
high-temperature geothermal wells. L i t t l e  i s  
known about the high-temperature degradation o f  
many o f  these polymers other than an extreme v i s -  
cosi  t y  drop as the temperature exceeds 250-300OF. 
The func t ion  of the polymer i s  t o  v i scos i f y  the 
f r a c t u r i n g  f l u i d  t o  help t ransport  the proppants 
i n t o  the induced f rac tu res  and t o  slow the i n -  
vasion o f  the f l u i d  i n t o  the formation. I n  addi- 
t ion,  a successful polymer must no t  cause any 
permeabi l i ty  reduct ion o f  the rese rvo i r  formation 
o r  propped f rac tu re  due t o  plugging by i t s e l f  o r  
i t s  high-temperature degradation products. 
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Figure 3. Permeabil i ty re ten t ion  w i th  t i m e  a t  
350OF and 5,000 ps i  c losure stress 
(20/40-mesh proppants). 
I n  support of the geothermal we l l  s t imu la t ion  
program, numerous laboratory tes ts  on prospective 
f rac tu r ing  f l u i d s  have been conducted by Maurer 
Engineering [4] and V e t t e r  Research [5]. The 
main parameter measured throughout these tes ts  i s  
the apparent v i scos i t y  o f  the f r a c  f l u i d  a t  geo- 
thermal reservo i r  condit ions. Other important 
parameters which are measured on some o f  the 
be t te r  f l u i d  systems are f l u i d  loss control ,  
proppant suspension o r  car ry ing  capacity, and the 
carbohydrate o r  t o t a l  organic carbon content o f  
the polymer-f lu id system as a measure o f  i t s  
degradation w i t h  time and temperature. Although 
a l l  polymer systems show a sharp decl ine i n  
v i scos i t y  w i t h  increasing temperature, there are 
many techniques t h a t  can be used t o  delay t h i s  
decl ine o r  degradation i n  propert ies. One such 
technique i s  the add i t ion  o f  a small amount o f  
methanol t o  the polymer w a t e r  solut ions, which 
has a s t a b i l i z i n g  e f f e c t  on the f l u i d .  Other 
p ropr ie ta ry  products which can be added as high- 
temperature s t a b i l i z e r s  are also avai lable.  
Dissolved oxygen can cause polymer degradation 
but, by adding an oxygen scavenger t o  the water ,  
t h i s  e f f e c t  can be minimized. The e f f e c t  o f  
temperature on the v i scos i t y  o f  some proposed 
polymer-water f rac  f l u i d  systems i s  i l l u s t r a t e d  
i n  Figure 4. The rap id  decl ine i n  v i scos i t y  of 
polymer "Au a t  temperatures above 2OOOF could 
r e s u l t  i n  poor proppant placement i n  a high- 
temperature geothermal s t imu la t ion  treatment. 
With improved f l u i d  systems as depicted by poly-  
mer "C", the e f f e c t i v e  working temperature can be 
increased by 150OF. When these improved f l u i d  
systems are combined w i th  large water prepads for 
formation cool ing and very htgh f l u i d  i n j e c t i o n  
rates, high-temperature geothermal we l ls  can be 
successful ly f rac tu red  and propped. 
The type and amount o f  polymer determines 
the speed and extent o f  degradation. Polymers 
used i n  f r a c t u r i n g  are o f  three basic types, 
i.e., polysaccharides, modif ied cel luloses, and 
polyacrylamides. These pa r t i cu la r  polymers are 
chosen because o f  t h e i r  unique a b i l i t y  t o  v i s -  
cos i f y  water and, a t  the same t ime ,  t o  reduce 
3 
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Figure 4. Polymer-water f r a c  f l u i d  v i scos i t y  vs. 
temperature. 
tubular f r i c t i o n  and have a good tolerance t o  
brine. An idea l  f r a c  f l u i d  would r e t a i n  i t s  
desirable propert ies a t  h igh  temperature u n t i l  i t 
has done i t s  j ob  o f  p lacing the proppant i n  the 
f racture.  Cleavage of the long polymer chains 
would then occur t o  al low easy removal o f  the 
f rac tu r ing  f l u i d  upon we l l  production w i t h  
minimal degradation products l e f t  behind i n  the 
formation. Laboratory tes ts  t o  def ine the 
degradation o f  water-soluble polymers have been 
useful  no t  on ly  f o r  a fundamental understanding 
o f  f r a c  f l u i d  behavior, bu t  a lso i n  helping t o  
se lec t  o r  r e j e c t  f l u i d s  for  spec i f i c  reservo i r  
appl icat ions, Monitor ing the produced f l u i d  
re tu rns  a f te r  each s t imu la t ion  treatment f o r  
amount and leve l  o f  degradation products has been 
an important aspect o f  each f i e l d  test ,  
SITE SELECTION 
I n  se lec t ing  candidate reservo i rs  and wells, 
the Geothermal Well St imulat ion Program was 
inf luenced by many cont r ibu t ing  factors, I n  
add i t ion  t o  the obvious technical  considerations, 
the program evaluated cost-sharing arrangements 
provided by the we l l  owner t o  conserve program 
funds and the po ten t i a l  impact t h a t  e f f e c t i v e  
St imulat ion could have on the fu tu re  commercial 
development o f  the f i e l d ,  This l a t t e r  considera- 
t i o n  played a strong r o l e  i n  the se lec t ion  o f  the 
Raf t  River and Baca Pro jec t  areas f o r  performing 
four  w e l l  s t imu la t ion  treatments. Raf t  River was 
selected a t  the request o f  WE Headquarters t o  
support b r i ne  production a c t i v i t i e s  required f o r  
the upcoming 5 MW geothermal power plant. A l -  
though Baca was o f  tremendous technical  importance 
t o  the program because o f  i t s  very h igh  reservo i r  
temperature, the f a c t  t h a t  It was p a r t  o f  a 
WE/Union/PNM Demonstration P 1 ant Pro jec t  con- 
s iderably enhanced i t s  p r i o r i t y  status. The 
importance of The Geysers as the world's la rges t  
commercial e l e c t r i c  generating geothermal f i e l d ,  
along w i t h  the cost-sharing benef i t s  offered by 
Union, was a lso  instrumental i n  i t s  se lec t ion  f o r  
a w e l l  s t imu la t ion  treatment. While each of 
these s i t e s  proved t o  be an exce l len t  choice from 
a technical  stand-point, it d i d  r e s u l t  i n  f i v e  o f  
the seven f i e l d  s t imu la t ion  treatments being 
performed i n  f rac tu re  dominated reservoirs.  Only 
the two treatments a t  East Mesa addressed the 
very s i  n i f i c a n t  problems associated w i t h  low 
permeabif i ty regions i n  matrix-type producing 
formations, inc lud ing  w e l l  sk in  damage r e s u l t i n g  
from d r i l l i n g  and completion operations. 
RAFT RIVER FIELD (Treatments 1 and 2 1  
Raft River, Idaho, i s  a low-temperature 
(260-290OF) hydrothermal resource. We1 1s RRGE-1 
and RRGE-2 are the best producing we l ls  i n  the 
f i e l d  and appear t o  in te rsec t  a na tura l  f rac tu re  
zone i n  the quartz monzonite reservoir .  These 
f rac tu res  have high t ransmiss ib i l i t y ,  w i th  a 
permeabi 1 i ty  thickness (kh) o f  greater than 
50,000 md-ft. Wells RRGE-3, RRGP-4, and RRGP-5 
are less productive and were a l l  considered f o r  
st imulat ion.  Wells RRGP-4 and RRGP-5 were chosen 
as the best two candidates f o r  s t imu la t ion  
because RRGE-3 i s  f a r the r  from the best producing 
we l ls  and i t s  mechanical conf igurat ion i s  very 
complex [6,7]. 
Before st imulat ion, RRGP-4 was essen t ia l l y  
nonproductive. RRGP-5, however, was capable o f  
f lowing a t  a s tab i l i zed  r a t e  o f  66,000 l b l h r  and 
produced more than 283,000 l b l h r  w i th  a pump. 
This i s  adequate produc t iv i t y ,  bu t  the production 
came from the upper po r t i on  o f  the completion 
in te rva l ,  and the produced f l u i d  temperature of 
255OF was undesirably low. Based on the per- 
formance o f  the be t te r  wel ls i n  the f i e l d  and the 
prox imi ty  o f  Wells RRGP-4 and RRGP-5 t o  the 
Bridge and Narrows Faults, i t  was considered 
l i k e l y  t h a t  h igh l y  productive f rac tu res  existed 
near the wells. Hydraul ic f rac tu re  treatments i n  
the deeper i n te rva l s  were chosen as the best 
means t o  connect the wel ls w i th  major productive 
f rac tu res  and t o  achieve the desired produced 
f l u i d  temperatures o f  270°F o r  greater. 
To i s o l a t e  the deep i n t e r v a l  o f  Well RRGP-4 
for  the f rac tu re  treatment, a 7-in. l i n e r  was 
cemented through the upper po r t i on  o f  the open- 
ho le  In te rva l .  This i so la ted  a 195-f t  openhole 
i n te rva l  (4,705-4.900 ft) near the bottom o f  the 
we l l  fo r  the hydraul ic f rac tu re  treatment. The 
technique employed was a four-stage dendr i t i c  
f rac tu re  treatment. It was chosen because, if 
dendr i t i c  f rac tu r i ng  was achieved, i t  o f fe red  the 
best chance o f  in te rsec t ing  major natural  
f ractures.  The main concern was t h a t  a single, 
planar f rac tu re  might on ly  p a r a l l e l  and no t  
in te rsec t  the  p r inc ipa l  na tura l  f ractures.  The 
dendr i t i c ,  o r  reverse flow, f r a c t u r i n g  technique 
i s  designed t o  create branching o r  d version of 
the f rac tu re  wings by downhole stress modifica- 
t ion .  M u l t i p l e  stages o r  pumping periods are 
used w i t h  each stage u t l l i z i n g  a low-viscosi ty 
f l u id ,  sand slugs, and two b r i e f  flow-back 
periods. High pumping ra tes  are used i n  these 
treatments t o  o f f s e t  f l u i d  leakof f  i n t o  na tura l  
f rac tu res  and t o  enhance eroslon i n  the f rac tu re  
faces by the proppant and f i n e  sand. 
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The 7,900-barrel (bb l )  treatment was pumped 
a t  a r a t e  o f  50 barrels/minute (BPM) and u t i l i z e d  
a low-v iscos i ty  polymer gel f r a c  f l u i d  (HP guar) 
car ry ing  r e l a t i v e l y  low concentrations o f  
proppant. The treatment included 50,400 l b  o f  
100-mesh sand added f o r  leakof f  con t ro l  and 
58,000 l b  o f  20/40-mesh sand proppant. Use of 
both sand and HP guar was considered acceptable 
here because o f  the r e l a t i v e l y  low temperature. 
Fol lowing the treatment, the U.S. Geological 
Survey (USGS) ran  t h e i r  high-temperature acoustic 
borehole televiewer and observed t h a t  the created 
f r a c t u r e  extended the f u l l  195-ft  he igh t  o f  the 
open i n t e r v a l  and was or iented approximately 
east-west, p a r a l l e l  t o  the  nearby Narrows Fault.  
A sect ion o f  the f r a c t u r e  i s  shown i n  Figure 5. 
I n  the post -s t imulat ion f low test, the we l l  pro- 
duced a t  a s t a b i l i z e d  r a t e  o f  28,300 lb /hr  with a 
downhole f l u i d  temperature o f  270OF. This  r a t e  
represented a t  l e a s t  a f i v e - f o l d  increase over 
the pre-s t imulat ion rate; but even with an e s t i -  
mated pumped r a t e  c a p a b i l i t y  o f  more than 100,000 
lb/hr, the w e l l  was s t i l l  subcommercial. The 
produced f l u i d  temperature i s  s i g n i f i c a n t l y  higher 
than past measurements. This  fac t  suggests t h a t  
the new a r t i f i c i a l  f r a c t u r e  i s  producing f l u i d  
from a deep tone n o t  open i n  the o r i g i n a l  hole. 
The chemical data f u r t h e r  support t h i s  in terpre-  
t a t i o n  i n  t h a t  the extent  o f  polymer degradation 
determined chemical ly i s  cons is tent  w i t h  f l u i d  
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Figure 5. Pre-ex is t lng and propped f rac tu res  i n  
Raf t  River RRGP-4. 
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Conventional f racture- type curve analys is  
( log- log p l o t )  y i e l d s  a f r a c t u r e  length o f  
approximately 335 f t  and a permeabi l i ty  thickness 
o f  800 md-ft. The Horner p l o t  o f  the same pres- 
sure bui ldup data has two s t r a i g h t  1 i n e  segments 
a f t e r  the f r a c t u r e  dominated period, one during 
e a r l y  t ime ( less  than I S  h r )  and one dur ing l a t e r  
t ime (greater than 15 hr). These two segments 
g ive kh values o f  1,070 md-ft and 85,000 md-ft, 
and suggest the presence o f  more than one perme- 
a b i l i t y  zone I n  the  v i c i n i t y  o f  the  wellbore. 
Also, a negative sk in  f a c t o r  (-6.0) ind icates a 
st imulated zone close t o  the wellbore. 
Well RRGP-5 o r i g i n a l l y  had good p r o d u c t i v i t y  
from the  upper por t ion  o f  the completion in te rva l .  
The goal o f  the  treatment f o r  t h i s  we l l  was a 
s i m i l a r  o r  higher product iv i ty ,  bu t  from a 
deeper, h o t t e r  in te rva l .  The we l l  was recom- 
p le ted  s i m i l a r  t o  RRGP-4, as shown i n  Figure 6, 
i n  preparation f o r  t h i s  s t imu la t ion  treatment. 
The recompletion consisted o f  cementing a 7-in. 
l i n e r  through the upper por t ion  o f  the  openhole 
i n t e r v a l  which sealed o f f  the e x i s t i n g  producing 
i n t e r v a l  and l e f t  a 216-ft  openhole i n t e r v a l  near 
the  bottom o f  the  wel l .  A la rge  f r a c t u r e  t r e a t -  
ment designed t o  create a s i n g l e  planar propped 
f r a c t u r e  was selected f o r  RRGP-5. The treatment 
consisted o f  7,600 bb l  o f  a r e l a t i v e l y  low- 
v i s c o s i t y  polymer ge l  (HP guar) with 84,000 l b  o f  
100-mesh sand f o r  leakof f  con t ro l  and 347,000 l b  
o f  20/40-mesh sand proppant. Near the  end o f  the  
treatment, the pumping r a t e  was gradual ly  reduced 
13-3/8”CASING 
C l I T F R A C  STRING 
RETRIEVABLE PACKER 
Figure 6. Well schematic o f  Raf t  River RRGP-5. 
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i n  an e f f o r t  t o  sand the we l l  out  and leave the 
fracture propped near the wellbore w i th  an open, 
high-conduct iv i ty channel near the top. 
Fol lowing the treatment, the USGS borehole 
te leviewer showed t h a t  the created f rac tu re  
spanned the upper 135 ft o f  the open in te rva l .  
The f rac tu re  was or iented northeast-southwest, 
p a r a l l e l  t o  the nearby Bridge Fault. I n  tho 
post-st imulat ion production test ,  the we l l  
s t a b i l i z e d  very r a p i d l y  a t  a 94,300 lb /h r  r a t e  
w i t h  a 30 psia wellhead pressure. The produced 
f l u i d  temperature was unchanged from the pre- 
s t imu la t ion  f low condit ion, Fol lowing the 
na tura l  f l o w  test ,  a pump was i n s t a l l e d  i n  the 
w e l l  and it produced more than 307,000 lb/hr. 
Chemical analysis o f  the produced f l u i d  indicated 
a r e l a t i v e l y  low r a t e  o f  polymer degradation i n  
the reservoir ,  confirming tha t  the f r a c  f l u i d  
t raveled upward i n t o  a cooler po r t i on  o f  the 
reservo i r .  
Pressure bui ldup and temperature data also 
s t rong ly  suggest t ha t  the f rac tu re  treatment went 
upward t o  the o r i g i n a l  producing i n te rva l  (pos- 
s i b l y  through the o r i g i n a l  wellbore). The Horner 
p l o t  o f  the pressure bui ldup data shows on ly  a 
short  t r a n s i t i o n  phase between the f rac tu re  
dominated per iod and the l a t e  t i m e  constant 
pressure period. Estimates o f  the l a t e  t i m e  
formation kh were large--greater than 100,000 
md-ft. The Horner analysis indicates a very 
la rge  pos i t i ve  sk in  factor.  This sk in  fac to r  i s  
probably not due t o  formation damage but ra ther  
t o  the l i m i t e d  en t ry  nature o f  the completion. 
EAST MESA FIELD (Treatments 3 and 4) 
The East Mesa f le ld,  i n  the Imperial  Val ley 
o f  Ca l i fo rn ia ,  I s  a moderate-temperature reser-  
v o i r  producing from a sandstone and s i l t s t o n e  
matrix. Several features o f  East Mesa made it an 
exce l len t  choice f o r  the second se t  o f  f i e l d  e%- 
periments. The rese rvo i r  i s  known i n  more d e t a i l  
than most other geothermal reservo i rs  and t h i s  
in-depth knowledge provides a sound basis f o r  
designing and eval ua t ing  st lmul a t  ion  treatments. 
The moderate temperature range ( 320-35O0F) was 
the next l o g i c a l  step from Raf t  River condi t ions 
I n  the evaluation o f  f rac tu re  f l u ids ,  proppants, 
and mechanical equipment. The se lec t ion  o f  a 
matrix-type rese rvo i r  was also important a t  t h i s  
stage o f  the program. Furthermore, the reservo i r  
f l u ids ,  w i t h  a t o t a l  dissolved so l i ds  content o f  
less than 2,000 mg/l, were no t  expected t o  
chemical ly i n t e r f e r e  w i t h  the s t imu la t ion  f l u i d s  
o r  t racers  C6.81. 
Well 58-30, selected f o r  these experiments, 
i s  i d e a l l y  su i ted  mechanically. Unl ike many 
o ther  geothermal we l ls  a t  East Mesa and else- 
where, it i s  com le ted  w i t h  a cemented, j e t  
perforated l i n e r  (FIgure 7). This afforded an 
opportunl ty t o  e a s i l y  I s o l a t e  zones of a s i r e  
tha t  can be e f f e c t i v e l y  t rea ted  and evaluated. 
The f i r s t  treatment was a planar-type hydrau l i c  
f racture o f  a 247-ft. low-permeabll l t y  sandstone 
in te rva l  (6,587-6.834 f t)  near the bottom o f  the 
K55. WTTRESS 
IO-Yc'. BUTTRESS CASING 
- 7 - S W  33.7. LB. NM). BUTTRBSS 
7 30 5' 1.0. 
Figure 7. East Mesa Wel l  58-30 completion 
Well. This zone has good sand development, but  
the  permeabi l i ty  has been severely reduced because 
o f  authigenic cementation by carbonate minerals. 
Porosi ty i s  s t i l l  h igh enough, however, t o  provide 
good storage capacity. A f rac tu re  treatment o f  
t h i s  zone was intended t o  create a high conductiv- 
i t y  l i n e a r  f low channel i n  the low permeabi l i ty  
area surrounding the we1 1, thereby enhancing the 
flow capacity. The treatment consisted o f  2,800 
bb l  o f  a viscous crossl inked polymer f r a c  f l u i d  
(HP guar), 44,500 l b  o f  100-mesh sand as a f l u i d  
loss  addi t lve,  59,000 l b  o f  20/40-mesh sand prop- 
pant, and 60,000 l b  o f  20/40-mesh Resin Coated 
Sand proppant. The f l u i d  was pumped a t  an 
average r a t e  o f  40 BPM dur ing the treatment. 
The second treatment was a dendr i t ic- type 
f rac tu re  treatment i n  a shallower, higher perme- 
a b i l i t y ,  304-f t  i n t e r v a l  (4,952-5,256 ft) o f  the 
same w e l l .  This cooler upper zone, d r i l l e d  w i t h  
a predominantly benton i t fc  mud system, has good 
sands (high poros i ty  and permeabi l i ty)  which show 
permeabi l i ty  impairment near the wellbore. The 
staged treatment was deslgned t o  create m u l t i p l e  
short  f rac tu res  through the damaged zone around 
the wellbore. The treatment Consisted o f  10,300 
bb l  o f  low v i scos i t y  f r a c  f l u i d  (HP guar) and 
44,000 l b  o f  100-mesh sand pumped i n  f i v e  stages 
a t  an average r a t e  o f  48 BPM. The 100-mesh sand 
was in jec ted  i n  slugs as a f l u id - l oss  cont ro l  
agent I n  the 50-md permeabl l i ty  sandstone, as a 
d i ve r te r  f o r  succeeding stages o f  the treatment, 
and t o  erode f low channels i n  the f rac tu re  faces. 
detai  1 s . 
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The we l l  was f i r s t  production tested t o  
evaluate the f r a c t u r e  experiment on the upper 
zone. The lower sect ion o f  the  well, from 6,547 
ft t o  TD, was sanded back t o  prevent f l o w  from 
the lower f r a c  zone. The we l l  f lowed an average 
o f  132,000 lb/hr. Reservoir pressure bui ldup 
data show the t o t a l  open i n t e r v a l  permeabi l i ty  
thickness was 9,427 md-ft, o r  approximately a 
108% increase i n  kh f o r  the upper f r a c  zone. 
This  analysis ind icates the  shallow hydraul ic  
s t imu la t ion  treatment o f  the  h igh permeabil i ty, 
upper i n t e r v a l  was very successful. The upper 
zone treatment t o  cor rec t  near-wellbore damage i s  
o f  p a r t i c u l a r  importance because such mud and 
cement damage i s  be l ieved t o  be a common cause o f  
impairment i n  Imper ia l  Val ley geothermal wells. 
Well clean-out operations were i n i t i a t e d  t o  
remove the  sand covering the lower f r a c  zone. 
The c o i l  tub ing being used t o  l i f t  sand out  of 
the we l l  parted and l e f t  approximately 5,170 ft 
o f  tub ing i n  the hole. Fol lowing the f i s h i n g  and 
cleanout operations, the  e n t i r e  wellbore was 
opened f o r  a f low t e s t  and the we l l  achieved a 
t o t a l  f low r a t e  o f  about 198,000 lb/hr. The 
lower zone, s t imulated wi th a small hydraul ic  
f racture treatment, showed a 19% increase i n  kh 
b u t  an 84% increase i n  f l u i d  production. I n  addi- 
t ion, the overa l l  f l u i d  production temperature 
increased by 5OF. Higher temperatures reduce the 
hydraul ic  head i n  t h e  wellbore (lower the  f l a s h  
po in t )  and thereby increase the  na tura l  f l o w  r a t e  
more than would be expected from the  kh increase 
alone. The pre- and post -s t imulat ion t e s t  data 
for  we l l  58-30 are summarized i n  Table 2. 
I n  summary, Well 58-30 was successfu l ly  st im- 
u la ted  by the  two f r a c t u r e  treatments. Although 
some o f  the improvement i n  the upper i n t e r v a l  was 
l o s t  dur ing workover operations, the o v e r a l l  
p r o d u c t i v i t y  o f  t h e  w e l l  had been increased 114% 
and the  kh had been increased 38%. 
THE GEYSERS FIELD (Treatment 5 1  
The f i f t h  experiment was performed a t  The 
Geysers geothermal area i n  Sonoma County, 
Ca l i fo rn ia ,  and was cost-shared with the w e l l  
operator, Union Geothermal Company. The we1 1 
chosen f o r  t h i s  chemical s t lmu la t ion  treatment 
was Ottoboni State No. 22. This  w e l l  i s  completed 
openhole from 4,600 t o  8,360 ft i n  n a t u r a l l y  
f rac tu red  graywacke, The reservo i r  temperature 
i s  about 460.F. The w e l l  was plugged back t o  
5,600 ft t o  i s o l a t e  t h e  upper 1,000 ft o f  open- 
ho le i n t e r v a l  f o r  the treatment [6]. 
The s t imu la t ion  technique employed was an 
ac id  etch ing treatment (Ha l l ibur ton  Services 
MY-T-ACID). A 476-bbl low v i s c o s i t y  prepad was 
pumped t o  provide coo l ing  o f  the  tubulars  and f o r -  
mation. Fol lowing the prepad were 476 bbl o f  h i  h 
v i s c o s i t y  cross l inked ge l  f l u i d  (HP guar) and 476 
bb l  o f  la H F 4 X  HCl a c i d  s o l u t i o n  u i th  corros ion 
i n h i b i t o r s  and f r i c t i o n  reducer. A f t e r  the  acid, 
an add i t iona l  445 b b l  o f  low v i s c o s i t  f l u i d  were 
in jec ted  as displacement and over8ush. This  
treatment concept i s  i l l u s t r a t e d  i n  F igure 8. 
UPPER ZONE 
STIMULATION EVALUATION* STIMULATION 
PRE- FRAC POST- 
UPPER INTERVAL- 
(4,952-5.266 f t)  
EXPERIMENT NO. 4 
% INFLOW 38 74 47 
kh (md-ft) 2,848 6,955 4,846 
INTERMEDIATE 
INTERVAL- 
(5,266-6,587 f t)  
% INFLOW 33 26 28 
kh (md-ft) 2,472 2,472 2,887 
LOWER INTERVAL- 
(6,587-6,834 ft) 
EXPERIMENT NO. 3 
% INFLOW 29 -- 25 
kh (md-ft) 2,173 -- 2,578 
TOTAL COMPLETION 
(4,952-6.834 f t)  
kh (md-ft) 7,493 9,427 10,311 
6,992 9,922 14,921 -- 331 Q (B ID)  T @ 4,900 ft (OF) 326 
*ONLY INTERVAL 4,952 FT TO 6,520 FT OPEN TO FLOW 
Table 2. Sumnary of production t e s t  data f o r  
Fracture f l u i d  pump r a t e s  o f  20-40 BPM and a 
surface pressure o f  3,000 ps ig  were estimated f o r  
t h i s  s t imu la t ion  treatment. However, no s i g n i f i -  
cant surface pressure was recorded and a l l  f l u i d s  
e a s i l y  flowed i n t o  the  in te rva l .  Subsequent 
evaluat ion o f  we l l  performance showed t h a t  no 
not iceable s t imu la t ion  had been achieved. Tem- 
perature and rad ioac t ive  t racer  surveys, shown i n  
F igure 9, ind icated t h a t  the f r a c t u r e  f l u i d s  
entered natural,  pre-ex is t ing f r a c t u r e  channels 
i n  the lower 650 ft o f  the  1,000-ft openhole 
in terva l .  I n  addition, chemical t racers in jec ted  
sequent ia l l y  wi th the  f r a c  f l u i d s  re turned in a 
h i g h l y  mixed fashion. The small f l u i d  volume 
employed and widespread e n t r y  i n t e r v a l  probably 
resu l ted  i n  shallow penetrat ion o f  the formation. 
A f t e r  the treatment, t h e  we l l  was cleaned 
out  t o  t o t a l  depth and returned t o  i t s  pre- 
s t imu la t ion  condit ion, The f i n a l  steam f l o w  r a t e  
was 41,200 lb/hr, which i s  s i m i l a r  t o  the  r a t e  
recorded before the s t imulat ion.  This confirmed 
t h e  f a c t  t h a t  the  ac id  etch ing treatment d i d  n o t  
create any new, h igh-conduct iv i ty  f l o w  paths t o  
the  main reservo i r  system, There i s  no evidence 
t o  suggest, however, t h a t  the ac id  etch ing tech- 
nique w i l l  n o t  work, and the technique needs t o  
be attempted again i n  a shor ter  treatment i n t e r -  
v a l  o r  with la rger  f l u i d  volumes. 
East Mesa Well 58-30. 
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Figure 8. Acid etch treatment concept used a t  
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Figure 9. Temperature and gama r a y  survey i n  
Well OS-22 a f t e r  s t imu la t ion  treatment. 
BACA FIELD (Treatments 6 and 7 1  
The Baca reservo i r  l i e s  w i t h i n  the  Jemez 
Crater, Val les Caldera, and i s  def ined by more 
than 20 w e l l s  com l e t e d  t o  date i n  the Redondo 
Mexico. The main reservo i r ,  4,000 t o  6,000 ft i n  
thickness, i s  composed o f  vo lcanlc  t u f f s  with low 
permeabi l i ty  and a primary f l o w  system o f  open 
f r a c t u r e  channels, I n  the Redondo Creek area, 
we l ls  have encountered a h igh  temperature (550°F) 
Creek area by Un P on Geothermal Company o f  New 
1 iquid-dominated reservo i r ,  b u t  numerous we1 1s 
have n o t  been o f  commercial capacity, p r i m a r i l y  
because o f  the absence o f  productive na tura l  
f rac tu res  a t  the wellbore [ 6 ] .  
A f t e r  considering several candidate wells, 
Baca 23 and subsequently Baca 20 were selected 
for  the  f r a c t u r e  treatments. These we l ls  were 
selected because: (1) they were poor producers; 
(2) the  f r a c t u r e  system i s  present i n  the area as 
proven by the surrounding wells; (3)  the we l ls  
could be recompleted t o  i s o l a t e  the  s t imu la t ion  
i n t e r v a l  ; (4) observation we1 1s were ava i lab le  
within 1,500 ft; (5) the w e l l s i t e s  were la rge  
enough f o r  the f r a c  equipment; and (6) i n  the 
case o f  Baca 23, the  r i g  was already on location. 
Baca 23 was f low tested and would no t  sus- 
t a i n  flow. An i n t e r v a l  from 3,300 t o  3,500 f t  
was selected f o r  f r a c t u r e  st imulat ion. Produc- 
t i v e  f ractures had prev ious ly  been encountered 
near t h i s  depth approximately 200 ft away i n  
Baca 10. The temperature i n  the zone selected 
was approximately 450°F. Because the  top o f  the  
selected i n t e r v a l  was deeper than the e x i s t i n g  
9-5/8-in. l i n e r ,  a 7-in. l i n e r  was cemented t o  a 
depth o f  3,300 ft t o  exclude the i n t e r v a l  above. 
The lower por t ion  o f  the  hole was sanded back and 
plugged w i t h  cement t o  3,531 f t  t o  conta in  the 
treatment i n  the desired in te rva l .  The treatment 
i n t e r v a l  was t o t a l l y  nonproductive a f t e r  being 
iso la ted  f o r  the s t imu la t ion  treatment. 
A large hydraul ic  f rac tu re  treatment war 
performed on the  we l l  cons is t ing o f  7,641 bb l  o f  
f l u i d  and 180,000 l b  o f  20/40-mesh proppant 
pumped i n  e igh t  stages. A 3,600-bbl co ld  water 
prepad was pumped a t  an average r a t e  o f  38 BPM. 
The f r a c  f l u i d  consisted o f  4,000 bb l  o f  cross- 
l inked polymer gel (HP guar) pumped a t  an average 
r a t e  o f  66 BPM and an average surface pressure o f  
3,300 psig. Although b a s t c a l l y  a conventional 
hydraul ic  f r a c t u r e  treatment, the  h igh  formation 
temperature (450°F) d ic ta ted  special design and 
mater ia ls  se lect ion requirements. The l a r  e water 
prepad was dedicated t o  wellbore and Yracture 
pre-cool ing w i t h  the f r a c  f l u i d  used t o  place the 
proppant. While f r a c  f l u i d  proper t ies are known 
t o  degrade r a p i d l y  a t  h igh temperature, these 
e f f e c t s  were minimized by pre-cool ing, by pumping 
a t  h igh  rates, and by l i m i t i n g  the  f r a c  i n t e r v a l  
t o  231 ft, Proppants were selected f o r  t h e i r  
i n s e n s i t i v i t y  t o  the h igh temperature and both 
Resin Coated Sand .and Sintered Bauxite were used. 
Twelve hours a f t e r  the f r a c  job, a tempera- 
t u r e  survey was obtained by Denver Research 
I n s t i t u t e .  This survey showed a zone cooled by 
the f r a c  f l u i d s  estimated t o  be more than 300 f t  
i n  he igh t  a t  the  wellbore. A 6-hr production 
t e s t  through d r i l l p i p e  was performed i n  which 
t rans ien t  downhole ressure and temperature mea- 
surements were obtafned. A unique t e s t i n g  method 
was u t i l i z e d  t o  overcome the  data gathering 
problems u s u a l l y  associated with f low t e s t i n g  a 
geothermal well .  The procedure was a combfnation 
o f  conventional d r i l l s t e m  t e s t  (DST) methods t o  
e l iminate la rge  wellbore storage e f f e c t s  and gas 
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l ift t o  maintain steady, single-phase f low t o  the 
wellbore. The gas l i f t was provided by i n j e c t i n g  
ni t rogen gas a t  depth through c o i l  tubing inside 
the d r i l l p i p e .  As a r e s u l t  o f  t h i s  procedure, 
the we l l  flowed a t  a low, steady r a t e  (about 
21,000 lb /h r )  and the t rans ien t  pressure data 
obtained downhole provided an i nd i ca t i on  o f  
wellbore storage e f fec ts ,  f rac tu re  f l o w  ef fects,  
and reservo i r  t ransmissiv i ty.  
A conventional Horner analysis o f  the pres- 
sure bui ldup data y ie lded an average reservo i r  
permeabi l i ty  thickness o f  2,500 md-ft. This 
compares c lose ly  w i t h  r e s u l t s  from other non- 
comerc la l  wel ls i n  the area. Although the 
l i n e a r  f low ind ica tors  were weak, the length o f  
the f rac tu re  was calculated t o  be about 300 f t  
using the pressure vs. square roo t  o f  t i m e  analy- 
s is.  A sk in  fac to r  o f  -3.9 was also calculated. 
The maximum recorded temperature was 342OF, which 
indicated tha t  the near wellbore area had not 
recovered from the i n j e c t i o n  o f  co ld  f l u i d s .  
Fol lowing the modif ied DST. a 49-hr f low t e s t  
was performed t o  determine the we l l  I s  productive 
capacity. The r e s u l t s  showed t h a t  the we l l  could 
produce approximately 120,000 lb /h r  t o t a l  mass 
f l o w  a t  a wellhead pressure o f  45 psig, although 
the  r a t e  was cont inuing t o  decline. Union then 
performed a long-term f l o w  t e s t  on the well .  A 
temperature p r o f i l e  o f  the w e l l  p r i o r  t o  t h i s  
t e s t  showed tha t  the bottomhole temperature s t i l l  
remained low (401OF). Temperature and pressure 
surveys recorded a maximum temperature o f  344OF 
and a maximum pressure o f  120 ps ig  a t  3,500 ft. 
Therefore, two-phase f l o w  was occurr ing i n  the 
formation, w i th  the steam f r a c t i o n  estimated a t  
more than 50%. This two-phase f l o w  cond i t ion  has 
been observed in  o ther  we l ls  i n  the f i e l d .  
O f  greater concern i s  the l o w  p roduc t i v i t y  
observed dur ing t h i s  l a s t  tes t .  The mass f low 
r a t e  had dropped t o  73,000 lb /h r  (about 50% 
steam) w i t h  a wellhead pressure o f  37 psig. 
Since the we l l  recovers p roduc t i v i t y  fo l low ing  
each shut- in per iod and then exh ib i t s  the same 
decl ine again, the cause o f  the r a t e  decl ine i s  
probably no t  due t o  sca l ing  i n  the formation. 
P a r t i a l  c los ing  o f  the f rac tu re  i s  possible 
because o f  the pressure drawdown. The most 
probable explanation, however, i s  t h a t  the 
p roduc t i v i t y  loss  i s  the  r e s u l t  o f  r e l a t i v e  perme- 
a b i l i t y  reduct ion associated w i t h  two-phase f l ow  
e f f e c t s  i n  the formation. The r e l a t i v e l y  low 
formation temperature i n  the completion i n te rva l  
also contr ibutes t o  the  we l l ' s  poor p roduc t iv i t y .  
Baca 20 was o r i g i n a l l y  completed as shown i n  
Figure 10A w i t h  a cemented 9-5/8-in. l i n e r  and a 
7-in. s l o t t e d  l i n e r  hung a t  2,390 ft. The 7-in. 
s l o t t e d  l i n e r  was pul led, l o s t  c i r c u l a t i o n  tones 
cured using cement plugs, and then a 7 - h .  blank 
l i n e r  was cemented i n  place a t  4,880 ft i n  order 
t o  i s o l a t e  the desired treatment i n t e r v a l  (Figure 
108 and 1OC). This p a r t i c u l a r  240-f t  i n t e r v a l  
was chosen p r i m a r i l y  because the best production 
i n  the area has been found near the bottom o f  the 
Bandelier T u f f  and because o f  i t s  h igh  reservo i r  
temperature (540.F). 















Figure 10. Baca 20 completion de ta i l s .  
The hydrau l i c  f rac tu re  treatment was accom- 
pl ished using a t o t a l  f l u i d  volume o f  8,700 bbl. 
The high formation temperature (54OOF) once again 
d ic ta ted  speci a1 treatment design and mater i a1 s 
selection. A 3,000-bbl f resh water prepad was 
used t o  cool the wellbore and fracture.  The 
proppant selected (Sintered Bauxite) was car r ied  
by a 60-lbl1,OOO ga l  hydroxypropyl guar polymer 
gel  mixed i n  5,700 bbl  o f  f resh  water. This 
f l u i d  was a new high-pH crossl inked HP guar 
system having be t te r  s t a b i l i t y  a t  h igh  tempera- 
ture. The gel  was crossl inked as i t  was being 
pumped, I n  an e f f o r t  t o  stop leakage i n t o  the 
small na tura l  fractures, approximately 4,200 l b  
o f  200-mesh calcium carbonate and 42,000 l b  o f  
100-mesh calcium carbonate were pumped as f l u i d -  
loss addit ives. The 100-mesh mater ia l  was 
in jec ted  i n  uslugs* t o  enhance i t s  chances o f  
b r idg ing  on the f ractures.  This mater la l  was 
used i n  l i e u  o f  sand as i n  the Baca 23 job. The 
desired goal o f  ending the treatment a t  a re la -  
t i v e l y  high proppant concentrat ion was achieved. 
A comparison o f  the Baca 23 and Baca 20 st imula- 
t i o n  treatments i s  presented i n  Table 3. 
The 240-ft  s t imu la t ion  i n te rva l  was non- 
productive p r i o r  t o  the treatment, although there 
was a small r a t e  o f  f l u i d  loss dur ing the  w e l l  
completion operations. This indicated t h a t  a t  
l eas t  one l o s t  c i r c u l a t i o n  zone existed i n  the 
wellbore. Approximately 12 hours a f t e r  the f rac 
job, the  f i r s t  o f  several temperature surveys was 
obtained i n  the wel l .  These temperature surveys 
showed a tone cooled by the f r a c  f l u ids ,  e s t i -  
mated t o  be less than 100 f t  i n  height, near the 
bottom o f  the open in te rva l .  I n  addit ion, the  
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BACA 23 
INTERVAL 231 ft 
DEPTH 3300-3531 ft 
WATER PRE-PAD 3600 bb l  
GELLED WATER 4000 bb l  
PROPPANTS 90,000 l b  o f  
20/40-mesh 
,Sintered Bauxite, 
90,OOO I b  o f  
20/40-mesh 
Resin Coated Sand 
FRAC FLUID 




3000 bbl  
5700 bb l  
120,000 l b  o f  
16/20-mesh 
Sintered Bauxite, 




Table 3. Comparison o f  Baca 23 and Baca 20 
zone located behind the  7-in. l i n e r  casing a t  
approximately 4,720 ft a lso ind icated some 
cool ing. This zone was apparently cooled by the 
workover f l u i d s  and poss ib ly  by the f r a c t u r i n g  
f lu ids ;  however, the comnunication between t h i s  
zone and the open i n t e r v a l  ( i f  it ex is ts )  appears 
t o  be a t  some distance away from the wellbore. 
A 6-hr production t e s t  through d r i l l p i p e  was 
performed i n  the same manner as the d r i l l s t e m  
t e s t  a t  Baca 23. A steady r a t e  o f  about 21,000 
lb /hr  single-phase f low was maintained t o  the 
wellbore. Transient pressure and temperature 
data were obtained downhole during the DST. 
A conventional Horner analysis o f  the pressure 
bui ldup data y ie lded an average reservo i r  perme- 
a b i l i t y  thickness o f  1.000 md-ft. Evaluation o f  
these data a lso ind icated small we1 lbore  storage 
e f f e c t s  and f r a c t u r e  ( l i n e a r )  f l o w  near the  we l l -  
bore. Although the ind ica tors  of l i n e a r  flow 
were weak, the length o f  the f r a c t u r e  was calcu- 
l a t e d  t o  be about 160 ft from the pressure data. 
A sk in  f a c t o r  o f  -4.8 was a lso calculated. Num- 
e r i c a l  s imulat ion o f  a h igh conduct iv i t y  f r a c t u r e  
i n  a low permeabi l i ty  formation supports t h i s  
in te rpre ta t ion ,  although the s o l u t i o n  i s  n o t  
unique. The maximum recorded temperature dur ing 
I the t e s t  was 32OOF and ind icated t h a t  the  near 
I wel lbore area had n o t  recovered from the  in jec-  
t i o n  o f  co ld  f l u i d s ,  Fol lowing the modif ied DST, 
a 14-day f low t e s t  was performed t o  determine the  
w e l l  ' s  productive capacity. The w e l l  produced 
approximately 120,000 lb /h r  t o t a l  mass f l o w  
i n i t i a l l y ,  bu t  dec l ined r a p i d l y  t o  a f i n a l  
s t a b i l i z e d  r a t e  o f  approximately 50,000 lb/hr 
(wellhead pressure o f  25 ps ig)  under the two- 
phase f low condi t ions i n  the  formation. 
To sumarize, la rge  hydraul ic  f r a c t u r e  
treatments were successfu l ly  performed on both 
Baca 23 and Baca 20, Production t e s t s  ind icated 
t h a t  h igh conduct iv i t y  f rac tu res  were propped 
s t imu la t ion  treatments. 
l 
near the wellbore and comnunication w i t h  the 
reservo i r  system was established. The produc- 
t i v i t i e s  o f  Baca 23 and Baca 20 have decl ined t o  
noncommercial leve ls  since the f rac tu re  t r e a t -  
ments. The probable cause i s  r e l a t i v e  perme- 
a b i l i t y  reduct ion associated w i t h  two-phase f l o w  
ef fects  i n  the formation. The a b i l i t y  o f  Baca 23 
t o  produce substant ia l  quant i t ies  o f  f l u i d  a t  a 
h igh wellhead pressure i s  l i m i t e d  because o f  the 
low formation temperature i n  the shallow t r e a t -  
ment in te rva l .  The p r o d u c t i v i t y  o f  Baca 20 i s  
severely r e s t r i c t e d  because o f  the low perme- 
abi 1 i ty  format i on  surrounding the a r t  i f i c i a1 l y  
created f racture.  
Because o f  the  h igh temperatures encountered 
i n  the Baca formation, special OTIS casing 
packers dressed with Y267 EPOM elastomeric seals 
were required. This elastomer, developed by 
L'Garde, Inc. [9], has continuously demonstrated 
superb performance i n  high-temperature geothermal 
environments. The packers used i n  the Baca stimu- 
l a t i o n  treatments and i n  the DST tes ts  performed 
wi thout  any problems and the Y267 EPDM seals 
showed no signs o f  degradation a f t e r  removal from 
the wells. 
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